The phononic band diagram of a periodic square structure fabricated by femtosecond laser pulseinduced two photon polymerization is recorded by Brillouin light scattering (BLS) at hypersonic (GHz) frequencies and computed by finite element method. The theoretical calculations along the two main symmetry directions quantitatively capture the band diagrams of the air-and liquid-filled structure and moreover represent the BLS intensities. The theory helps identify the observed modes, reveals the origin of the observed bandgaps at the Brillouin zone boundaries, and unravels direction dependent effective medium behavior. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4949013] Phononic crystals (PnC), the acoustic analogues of photonic crystals, are periodic structures made of materials with different acoustic impedances. The main consequence of the structure periodicity is the formation of band gaps in the phonon dispersion at certain wavelengths that commensurate with the lattice constant. PnC with periodicity in the submicrometer range can block hypersonic phonons with potential applications in compact wireless and sensing devices. 1, 2 Control over the GHz phonons in polymers and semiconductors could lead to the design of new highly efficient hybrid photonic-phononic signal processing technologies. 3 Devices in the optoelectronics industry such as resonators, cavities, and waveguides can be realized in a phononic crystal by removal or distortion of the inclusions. 1, 4 Since the first realization of a hypersonic phononic band gap, 5 the design, fabrication, and characterization of 1D, 2D, and 3D hypersonic phononic crystals (hPnC) have been the subject of intensive research. [6] [7] [8] [9] [10] [11] [12] [13] [14] However, the fabrication of such periodic crystals is still a technological challenge, since the control over the periodicity for various 3D architectures on the sub micrometer scale is necessary. Electron and focused ion-beam lithographic techniques are powerful in producing 2D GHz phononic structures in opaque media. 15, 16 Selfassembly by vertical lifting deposition 5, 7 and holographic interference lithography 6, 17, 18 have enabled the fabrication of 2D hPnC in transparent polymeric media with limited 3D architectures. To realize true multiple 3D nano-and micro-structured structures in photosensitive polymeric media, direct laser writing technology based on the multi-photon absorption processes such as two-photon polymerization (2PP) is a very attractive option. [19] [20] [21] Because of the threshold behavior and nonlinear nature of the 2PP process, small spatial features with optical resolution beyond the diffraction limit can be achieved. By scanning the focused laser spot inside a photo-resist, various predefined 3D topographic shapes can be formed. So far, 2PP technique has been applied for the fabrication of 2D and 3D photonic crystals, 22-27 but we are not aware of its utilization in phononics. In this work, we use the femtosecond laser 2PP to fabricate square lattice hPnCs based on the zirconium propoxide (ZPO)-based hybrid sol-gel photosensitive material. 26 There are few reports on cavity-type hPnCs with cylindrical nanopores, e.g., with a single crystalline epoxy/air sample, 18 anodic porous alumina containing hexagonal arrays of aligned nanopores oriented normal to the film surface, 27, 28 and square arrays of holes of Si-membranes. 29 Using Brillouin light scattering spectroscopy (BLS) in transmission geometry (see Fig. 2(d) ), the phonon dispersion relation has been recorded for a square lattice hPnC with filled spherical nanopores 6 and hexagonal lattice with both air-and filled spherical nanopores. 30 In the former case, there was no direct comparison with the theoretical band diagram, while in the latter this comparison was restricted on the observed phononic branches. For the semi-or non-transparent hPnCs, 28, 29 BLS was employed in backscattering geometry where the ripple mechanism dominated the scattering from the surface. For a fundamental understanding, however, the theoretical representation of the full BLS spectrum, frequencies, and intensities is necessary. Here, we report on the experimental band diagram of both air and filled square nanopores in a square lattice recorded by BLS and theoretical calculations of the dispersion and the BLS intensities.
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Authors to whom correspondence should be addressed. Electronic addresses: zhutegulov@nu.edu.kz and fytas@mpip-mainz.mpg. de The band structure of the square lattice polymer-based hPnC is sensitive to the pore shape as illustrated in Figure 1 for air-filled holes, lattice parameter a ¼ 740 nm, filling fraction f ¼ 0.46, and elastic properties representing the hPnC of this study. This problem was studied theoretically for periodic fibre reinforced composite solid materials 31 and solid square rods in air 32 enabling tunability of the band gap by rotating the rods. The effect of the inclusion shapes or varying geometry in architectured materials is of current research interest. 33 The phonon dispersion curves are calculated for a 2D crystal being infinite along the z direction to avoid superposition with the numerous modes propagating in the substrate and represent the in-plane modes polarized in the (x,y) plane. The calculation is performed by using finite element method and the dispersion curves present the frequency as a function of the Bloch wave vector k ¼ (k x ,k y ) along the high symmetry axes (CX and CM) of the Brillouin zone (BZ). The band structures for square lattice symmetry clearly depend on whether the inclusions are circular or rotatedsquare shapes (Figs. 1(b) and 1(c)). Absolute band gap can be opened in the rotated-square structure and even in the circular geometry, whereas the non-rotated square shape yields partial band gaps (along CM).
To realize such periodic structures, we synthesized the photoresist 26 and used it as a platform for its subsequent polymerization with lateral 2D periodicity. The focal spot of the writing pulse laser beam (517 nm, 60 fs, 76 MHz, 70 mW) was accurately scanned (0.2 mm/s in a vertical and lateral plane of the transparent pre-baked Zr-propoxide (ZPO) photoresist). 34 Fabrication of a 1 Â 1 mm 2 sample required about 8 h. To remove the non-polymerized material, the sample was developed in 1-propanol. Top view scanning electron micrograph of the 2D-hPnC by 2PP is shown in Figure  2 (a) along with the schematic picture in Figure 2 (c) yielding a filling fraction, f ¼ 0.46. The two main crystallographic directions CM (110) and CX (100) are indicated by the arrows.
The phonon band structure of the air-filled and infiltrated hPnC was characterized by BLS spectroscopy. It is based on the elasto-optic interaction of the incident light with thermally activated phonons that results in a Brillouin double shift (6x) in the spectrum of homogeneous media. Nanostructured media display much richer spectrum ( Fig.  3(a) ) represented by a sum of Lorentzian lines and their peak position defines the phonon frequencies at a given wavenumber q. 5, 7, 12, 14 In the present hPnC, phonons were probed with wave vector q ¼ k s -k i ( Fig. 2(d) ) lying along the CX and CM (Fig. 1(b) ); k i (k s ) is the incident (scattered) light wave vector. The magnitude, q ¼ 4p/ksin(h/2), is determined by the angle h between k i and k s with k ¼ 532 nm being the wavelength of the laser beam. Note that for the transmission geometry of Figure 2 (d) (with h ¼ 2a), there is a complete cancellation of the refractive index (n) of the medium and hence q does not depend on n.
35 Figure 2 (b) displays the image of the diffracted pattern of the laser beam impinging on hPnC and the red arrows (in Fig. 2(b) ) mark the direction (CX or CM) of the probing wave vector q.
For the air-filled hPnC, the dispersion relation was recorded only along CM due to very strong elastic (Rayleigh) scattering along CX. Experimental BLS spectra at q < q CM $ 6 Â 10 À3 nm
À1
, represented by Lorentzian lines, are shown in Figure 3 (a). Since an independent access to the elastic properties of the unstructured material was not feasible, we rely on their determination searching for the optimal theoretical description of the full BLS spectra, i.e., dispersion, polarization, and relative peak intensities. As the spectra were recorded with q's extending beyond the first BZ, we show the unfolded dispersion relation into the second BZ in Figure 3 (b) and Figure S1 . 36 The branches are colored according to their polarization (longitudinal, L, vs. transverse, T) character. Based on the band sorting method,
where X is a direction parallel to the wave vector and u X represents the projection of the displacement field along this direction; [1, 1] for CM and [1, 0] for CX. For P X close to 1(0), the corresponding mode has predominantly longitudinal (transverse) polarization; the value of P X is 201901 (2016) highlighted by a color bar in Figure S1 . The dispersion curves are given for two different choices of the acoustic velocities: c L ¼ 2900 m/s, c T ¼ 1400 m/s in Figure S1 (a), and c L ¼ 2900 m/s, c T ¼ 1700 m/s in Figure S1 (c). While both choices lead to a good agreement with the experimental phonon dispersion, the higher c T appears more satisfactorily because it captures the longitudinal character of the observed modes. The value of c L in the range of 2700-2900 m/s does not influence the agreement between the theoretical and experimental dispersion curves. The uniqueness of the velocity values can be verified by a more stringent criterion, which is the prediction of the BLS intensity. 12, 37 Since the samples are transparent, we use a simple expression of the Brillouin intensity based only on the elasto-optic (or photoelastic) mechanism of light-matter interaction,
201901-
where E s j is the j component of the scattered electric field, E I i is the i component of the electric field of the laser beam, q is the wave vector, P ijkl are the components of the photoelastic tensor, and S kl are the components of the strain tensor. For acoustic waves propagating along the CM direction and the VV scattering geometry of BLS, the above expression yields
The photoelastic coefficients involved in this expression are P 11 þ P 12 and P 66 where in the case of isotropic materials, they are related by P 11 À P 12 ¼ 2P 66 . To compare with the relative intensities in the BLS spectra, there is only the ratio P 66 /(P 11 þ P 12 ), which is used as a free parameter. The best qualitative agreement was found when P 66 /(P 11 þ P 12 ) is negative and relatively small (about À0.2, P 11 /(P 11 þ P 12 ) ¼ 0.3 and P 12 /(P 11 þ P 12 ) ¼ 0.7, Figs. S1(b) and S1(d)). Since there is no additional source of information, a negative P 66 , i.e., a destructive addition in Eq. (3), is needed for an adequate theoretical representation of the BLS intensities. The assignment of the observed branches and the appearance of the band gap (between modes 1 and 3) in Figure 3 can be ambiguous in the absence of rigorous theoretical calculations of the full BLS experiment. In fact, the experimental band gap concerns only branches with a high longitudinal character, whereas the theory predicts a smaller unidirectional stopband (Figs. 1 and 3) . To provide more insight into the nature of the observed branches, maps of the displacement fields for the modes close to the first BZ boundary are displayed in Fig. 3(c) with increasing frequency at q CM ¼ 0.0057 nm À1 . Note that mode 2 close to the M point of the Brillouin zone is strongly longitudinal (vibration along the CM direction), whereas both modes 1 and 3 possess mixed polarization. Their motion corresponds to successive contraction/dilatation of both sides of the square, while the corners are kept almost fixed. In the evaluation of the BLS intensity (Eq. (3)), the main contribution to the strain arises from the second term for mode 1 and the first term for modes 2 and 3.
The strong diffraction and the occurrence of the BZ along CX at lower q (¼ 0.004 nm À1 ) than for CM (Fig. 1 ) render the experimental access along CX ambiguous. To reduce the strong elastic scattering, we proceed with filled nanopores 5, 6 infiltrating the hPnC with Cargille (F) liquid (refractive index, n F ¼ 1.513) almost optically matching the ZPO matrix (n Z ¼ 1.51). Although the infiltration reduces the impedance contrast, the mismatch between corresponding sound velocities and densities of ZPO and F liquid is sufficient to allow an acoustic Bragg interference. Such band gap along two symmetry directions is displayed in the phonon dispersion of Figures 4(a) and 4(d) .
To calculate the contribution of the liquid to the light scattering, we assume that the only strain in the liquid results from the dilatation, so the corresponding photoelastic parameters are taken to be P 11 ¼ P 12 (or P 66 ¼ 0) and called P. Then, the expressions of the BLS intensities for phonon propagation along CM and CX become, respectively, 
The theoretical dispersion curves for the filled-hPnC are considered in Figure 4 along CX and CM and are again unfolded into the second BZ; additionally, in Figure S2 , we give the dispersion curves colored according to their longitudinal versus transverse character. In the calculations, the longitudinal sound velocity in F is fixed to its bulk value ( S2(e)-S2(h)), as in the case of the air-filled hPnC (Fig. S1 ). To investigate which longitudinal modes contribute significantly to the BLS spectra, the computation of their intensities includes now the photoelastic coefficient, P, in F liquid as adjustable parameter (Eq. (4)). Good agreement with the experimental spectra was expectedly obtained with a higher P in the fluid compared to (P 11 þ P 12 ) in the ZPO solid; P/(P 11 þ P 12 ) ¼ 4 ( Fig. S3 ). While both c T values lead to a good agreement between theory and experiment along CX, the branches in the band diagram along CM are not represented equally well with either c T value; lowest (highest) branches favor the lower (higher) c T value (Figs. S2(b) and S2(d)). We note that the airfilled (Fig. 3) and infiltrated (Fig. 4 ) films used in this study are not the same and their fabrication can tolerate somewhat different c T values. Hence, a closer estimate of this quantity is not justified without additional physical arguments. Nevertheless, the full representation of the BLS experiment is the correct approach to yield the elastic and photoelastic parameters of the hPnC constituent components at nanoscale. 28 We have also examined an alternative approach assuming a solidification of F next to the wall. 30 A thin ($10 nm) solidified layer at the interface with low transverse acoustic velocity ($100 m/s) creates few additional features (flat branches) in the band diagram but are not identifiable among the experimental branches.
The displacement fields associated with the modes that contribute to BLS are presented in Figs. 4(c) and 4(f) for selected values of the wave vector. For instance, along CX, the mode at the frequency 1.02 GHz and q ¼ 0.0031 nm À1 is longitudinal and its contribution to BLS mainly arises from the fluid hPnC component. For q ¼ 0.0057 nm
À1
, the modes at 1.42 GHz and 1.63 GHz are mainly longitudinal whereas the mode at 2.30 GHz is of mixed character. We note that the peak termed 2 results from the contributions of two modes at 1.42 GHz and 1.63 GHz. Similarly, in the case of CM direction, some of the peaks result from the contribution of two close modes (Fig.  4(e) ). Overall, filling of the holes strongly impacts hPnC the band structure as well as the nature of the probed modes by BLS. It includes the change in c eff (see below), the penetration of the displacement field into the fluid, and the activation of high frequency modes along the c eff -line.
The effective sound velocity, c eff , at long wavelengths, obtained from the dispersion relations at sufficiently low q's (Figs. 4(a) and 4(d) ), is distinct along the two symmetry directions. Indeed, the theory ( $5% along CX (Fig. 5) . The observed anisotropy of the effective sound velocity is expected in view of the symmetry of the square lattice, in contrast to an isotropic behavior in a triangular lattice hPnC with circular nanopores. Triggered by this unpredicted observation, we computed c eff as a function of the filling fraction also for two filling liquids with different fluid velocities, c f (1670 m/s and 1000 m/s in Fig. S4 ). There is no systematic variation of c eff with c f , and certainly the common Wood's law fails.
Summing up, the present experimental and theoretical study demonstrates the effect of the shape of the holes on the direction-dependent hypersonic phononic properties of a cavity with square lattice symmetry fabricated by femtosecond laser pulse-induced two photon polymerization technique. Filling the holes with a fluid strongly modifies the phononic band diagram being a necessary condition for sensor applications. 39 Yet, we have theoretically examined the tuning sensitivity to the filling material, fraction, and shape of the inclusions in square lattice phononics that calls for experimental verification. The full representation of the experiment (band structure and intensities) is necessary to yield a unique identification of all probed vibration modes, the direction dependent effective medium sound velocity, and the longitudinal and transverse moduli of the constituent material at nanoscale. A detailed understanding of phonon propagation in periodic structures is a precondition to access fundamental concepts of strong phonon-photon interactions and thermal properties. 40, 41 The support of Kazakhstan Ministry of Education and Science (Nos. 0662 & 5385/GF4), Nazarbayev University and Government of the Russian Federation (No. 14.B25.31.0019) is acknowledged. E.A. acknowledges the support by ERC SuPro 340391. D. Perevoznik was supported by FP7-MC and ITN Nano2Fun (GA 607721). G.F. also acknowledges the partial support by Aristeia Program (EU, GSST Greece).
